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Abstract—Magnetic tunnel junctions (MTJs) with interfacial perpendicular magnetic anisotropy (PMA) attract much attention
due to their utilization in spin-transfer torque magnetic random-access memory (STT-MRAM). Large interfacial PMA
provides high thermal stability, which is critical for large-capacity MTJ arrays. We investigate the thermal stability and
interfacial PMA needed for STT-MRAM applications. A thermal stability factor of 75 is required for data retention time
of 10 years, which implies an interfacial PMA value of 4.7 mJ/m2 as device sizes scale down to 10 nm. Even though a
small retention time (e.g., 1 ms) is sufficient in some applications, such as cache memory, an interfacial PMA greater than
3.1 mJ/m2 would be necessary for 10 nm MTJ pillars. When read disturbance is taken into consideration, the PMA should
be larger. These findings provide guidelines for the design of sub-20 nm MTJ devices for large-capacity STT-MRAM.
Index Terms—Spin electronics, magnetic random-access memory, magnetic tunnel junction (MTJ), perpendicular magnetic anisotropy
(PMA), spin electronics, thermal stability.

I. INTRODUCTION
Spin-transfer torque magnetic random-access memory (STTMRAM) is widely considered as one of the promising candidates
for the next-generation nonvolatile memory due to its fast speed, low
power consumption, and unlimited endurance [Ikeda 2010, Hu 2011,
Kent 2015]. In 2015, a 109 bit (1 Gbit) STT-MRAM with perpendicular magnetic anisotropy (PMA) was demonstrated [Park 2015].
The basic device is the CoFeB/MgO/CoFeB-based magnetic tunnel
junction (MTJ), possessing a diameter of 40–50 nm, a tunnel magnetoresistance (TMR) ratio of 150%, and a switching current of 96 μA.
Recently, Chung et al. [2016] presented a 4 Gbit STT-MRAM with 9 F2
cell projection area, which is comparable to dynamic random-access
memory (DRAM). Besides, Everspin Technologies announced fully
functional 256 Mbit STT-MRAM product chips with the double data
rate type three (DDR3) interface [Slaughter 2016]. These works have
shown a bright future of large-capacity STT-MRAM applications.
One of those key challenges to further optimize memory density
and switching current is achieving reliable data storage in small-node
(e.g., 10 nm) MTJs for a long time [Amiri 2015, Kent 2015, Nowak
2016]. The industry standard requires 10 years retention time, which
depends on the thermal stability of MTJs. However, in order to keep
chip failure rate sufficiently low, higher thermal stability is needed
for STT-MRAM with larger capacity. Moreover, for MTJs based on
the interfacial PMA of the CoFeB/MgO/CoFeB structure (as shown
in Fig. 1), the thermal stability decreases as the MTJ dimension scales
down [Sato 2014]. Consequently, larger interfacial PMA is necessary
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Fig. 1. Illustration of the MTJ stack based on the interfacial PMA of
CoFeB/MgO/CoFeB structure.

for smaller MTJs. These problems have become the major obstacles
for high-density STT-MRAM.
In this letter, we provide a thorough investigation of the demand on
thermal stability and interfacial PMA for STT-MRAM applications.
The required thermal stability under different capacities are presented.
Then, we discuss the interfacial PMA needed as a function of capacity
and retention time. Finally, the impact of read disturbance is analyzed
with scalability of MTJs taken into account.

II. THERMAL STABILITY ANALYSIS
The thermal stability of the free layer in an MTJ is characterized by
the thermal stability factor , which can be expressed as
 = E b /k B T.
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Fig. 2. Dependence of required thermal stability factor  on capacity
with different chip failure rates Fchip . The points correspond to capacities
of 1 Mbit, 8 Mbit, 128 Mbit, 1 Gbit, 8 Gbit, and 128 Gbit.

Here, E b is the energy barrier between two stable states, k B is the
Boltzman constant, and T is the temperature. Due to thermal fluctuations, unintended switching of the magnetization in the free layer
may occur. The switching probability of one MTJ after time t can be
estimated using the following equation [Wernsdorfer 1997]:


t
(2)
Psw = 1 − exp − exp(−)
τ0
where the characteristic attempt time τ0 is of the order of 1 ns. Furthermore, in a large MTJ array, all bits are required to maintain their
states in the data retention period. Consequently, the chip failure rate
for an STT-MRAM with N bits can be given as [Takemura 2010, Zhao
2012]


t
(3)
Fchip = 1 − exp −N exp (−) .
τ0
Then, we can obtain the minimum thermal stability factor  to
satisfy the required chip failure rate Fchip and retention time t
 τ


0
ln 1 − Fchip .
 = −ln −
(4)
Nt
Fig. 2 shows the dependence of the required thermal stability factor
on capacity given a retention time of 10 years. It is clear that we need
larger thermal stability to achieve lower chip failure rate. Moreover,
the required  increases linearly with the ln(N ). To be more accurate,
an increase of 6.9 for  is necessary when the capacity is enlarged
by 1000 times. Eventually, in order to achieve a capacity of 128 Gbit
and a chip failure rate of 1E–4, the thermal stability factor should be
larger than 75.

III. INTERFACIAL ANISOTROPY REQUIREMENT
MTJs with small lateral dimensions exhibit a single-domain behavior, where the spins in the free layer align along the same direction
and switch together. The thermal stability factor can be expressed as
=

K π D 2 tCoFeB
KV
=
.
kB T
4k B T

(5)

Here, K is the anisotropy energy density, V is the volume of the free
layer, and D and tCoFeB are the diameter and thickness, respectively.
However, when D is larger than the nucleation size Dn , the nucleationtype reversal takes place, where the magnetization switching is induced

Fig. 3. Required interfacial anisotropy K i as a function of thermal
stability factor  and MTJ diameter D.

by domain wall nucleation and propagation. In this case, the thermal
stability factor was demonstrated to be independent [Sato 2011, 2012b,
2014] or linearly dependent [Chaves-O’Flynn 2015, Thomas 2015]
on the MTJ diameter. The nucleation size Dn is of the order of the
domain wall width δw , which can be approximately evaluated as δw =
√
π As /K , where As is the exchange stiffness constant. For PMAbased CoFeB/MgO/CoFeB structures, the δw was reported to be from
30 to 140 nm [Sato 2012b, 2014, Piotrowski 2016]. In this letter,
we focus on the small-node MTJs, especially MTJs with diameters
smaller than 22 nm, and adopt the single-domain approximation in
our calculations.
For an MTJ based on interfacial PMA of the CoFeB/MgO/CoFeB
structure [Ikeda 2010, Yang 2011, Peng 2015], the anisotropy energy
density K can be expressed as [Johnson 1999, Ikeda 2010]
K = K b + K i /tCoFeB − 2π Ms2 (Nz − N x )

(6)

where K b is the bulk anisotropy, K i is the interfacial anisotropy, Ms is
the saturation magnetization, and Nz and N x are the demagnetization
factors along the perpendicular and in-plane directions, respectively.
When the MTJ diameter is much larger than the free layer thickness,
the Nz − N x is nearly constant 1. Nevertheless, as the device size
becomes smaller, the Nz − N x decreases with the downscaling of the
lateral dimension. In this case, the demagnetization factors can be
approximately expressed as Nz − N x = 1 − 3π tCoFeB /4D, where D
is the diameter of the MTJ [Mizunuma 2013, Sato 2014]. Previous
studies demonstrated that bulk anisotropy K b is negligible for the
CoFeB/MgO/CoFeB-based MTJs [Ikeda 2010, Liu 2012, 2014, Lee
2014]. As a result, PMA originates mainly from K i , which makes it
essential to have large K i so as to achieve enough thermal stability.
By combining (5) and (6), we can get the relationship between the
required K i and the 
K i ≈ 2π Ms2 (Nz − N x ) tCoFeB +

4k B T 
.
π D2

(7)

Fig. 3 plots the required interfacial anisotropy under different thermal stability factors and MTJ diameters. Here, we assume the free
layer thickness tCoFeB = 1 nm, the temperature T = 300 K, and the
saturation magnetization Ms = 1250 emu/cm3 [Ikeda 2010, Liu 2012,
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Nevertheless, for applications involving frequent read and write
operations, such as the embedded cache and logic-in-memory architectures, a smaller retention time may be sufficient, which will lead
to a relaxed demand on the interfacial anisotropy. Fig. 4(b) shows the
required interfacial anisotropy as a function of the retention time. An
obvious reduction of the required K i can be observed as the retention
time decreases from 10 years to 1 ms. However, even if a retention
time of 1 ms is assumed, the K i value of 3.1 mJ/m2 is still needed for
10 nm MTJs. It is worth noting from Fig. 4(a) and (b) that MTJ size
has the largest impact on the required interfacial anisotropy comparing
with the capacity and retention time. Therefore, it is critical to attain
large interfacial PMA in order to achieve small-node STT-MRAM.

IV. READ DISTURBANCE PROBLEM

Fig. 4. Required interfacial anisotropy K i as a function of (a) capacity
and (b) retention time with different MTJ diameter D. (a) Retention time
of 10 years is assumed. (b) Capacity of 1 Gbit is assumed.

Almasi 2015]. A linear dependence of the required K i on the  can
be observed from this figure. Moreover, the required K i increases
dramatically with downscaling of the MTJ size, especially when the
device dimension is smaller than 32 nm. For MTJs with diameters
from 32 to 65 nm, the typical K i value of about 1.5 mJ/m2 in the
MgO/CoFeB/Ta structure is sufficient to achieve a thermal stability
factor of 80. However, when the MTJ scales down to 14 nm and below, the interfacial PMA needs to be enhanced for applications with
thermal stability requirement of  = 60.
In the following, we analyze the relationship between the interfacial
anisotropy and the capacity. By substituting (4) into (7), we can express
the required K i as

4k B T  τ0 
K i ≈ 2π Ms2 (Nz − N x ) tCoFeB −
ln − ln 1 − Fchip . (8)
2
πD
Nt
Fig. 4 shows the calculation results of (8) with the chip failure rate
of 1E–4. As we can see in Fig. 4(a), for MTJs with a dimension of
22 nm, the required K i remains almost the same for different capacities. The K i of 1.7 mJ/m2 is needed for 128 Gbit STT-MRAM, which
can be achieved with current technology [Worledge 2011, Gajek 2012,
Liu 2012]. However, for MTJs with size of 10 nm, there is an obvious
increase of the required K i as the capacity increases. In this case, the
K i needed for 128 Gbit STT-MRAM reaches up to 4.7 mJ/m2 . Such
a large interfacial PMA value has never been reported in experiments
for the CoFeB/MgO/CoFeB-based structures. As a consequence, it
remains a great challenge to scale down to small nodes (e.g., 10 nm)
for large-capacity and nonvolatile STT-MRAM.

In the above analysis, the retention mode is considered which assumes no read or write operations during the retention period. Actually, the read disturbance may also lead to unintended switching,
which may further enlarge the demand on the thermal stability and the
interfacial anisotropy. In particular, according to our previous work
[Kang 2013, 2014, 2015], as the MTJ diameter scales down to a small
node (e.g., <22 nm), the margin between the read and switching current decreases dramatically, leading to an enhancement of the required
interfacial PMA. As a consequence, it is necessary to examine the effect of the read disturbance on the PMA requirement. The chip failure
rate due to the read disturbance can be written as [Li 2004]



t
IR
(9)
Fchip = 1 − exp −m exp − 1 −
τ0
Ic0
where m is the number of bits per word, t is the cumulated read
duration time, I R and Ic0 are the read current and the critical switching
current, respectively. Accordingly, the required interfacial anisotropy
can be expressed as
K i ≈ 2π Ms2 (Nz − Nz ) tCoFeB
−

 τ


Ic0
4k B T
0
. (10)
ln
−
ln
1
−
F
chip
π D 2 Ic0 − I R
mt

Fig. 5 shows the required interfacial anisotropy K i as a function
of read/switching current ratio I R /Ic0 assuming 32 bits per word. The
corresponding Ic0 values are shown along the top abscissa axis with
the assumption of I R = 10 μA. Larger interfacial PMA is necessary
for longer read duration and lower chip failure rate. Moreover, the
required K i is further enhanced with the increase of I R /Ic0 . When
the MTJ size shrinks down, the Ic0 scales quadratically with the MTJ
diameter, leading to an enlargement of the I R /Ic0 [Gajek 2012, Kang
2015]. As indicated by the dashed line in Fig. 5, when the I R /Ic0
is larger than 30%, corresponding to Ic0 smaller than 33 μA under
I R = 10 μA, a stronger requirement on the K i comes from the read
disturbance rather than the thermal fluctuations. Consequently, the
required interfacial PMA is further enlarged when the read disturbance
is taken into account.
Several methods can be used to enhance the interfacial PMA in the
CoFeB/MgO/CoFeB-based MTJs. One of them is to use a doubleinterface structure which employs the MgO/CoFeB/Ta/CoFeB/MgO
stack as the recording layer [Sato 2012a, 2013]. By introducing two
CoFeB/MgO interfaces in this structure, the thermal stability can be
increased by a factor of 1.9. However, when the MTJ size scales down

3105805

IEEE MAGNETICS LETTERS, Volume 8 (2017)

ACKNOWLEDGMENT
This work was supported in part by the National Natural Science Foundation of
China under Grant 61571023, Grant 61504006, Grant 61501013, Grant 61471015, and
Grant 61627813, by the Beijing Municipal of Science and Technology under Grant
D15110300320000, by the International Collaboration Project from the Ministry of Science and Technology in China under Grant 2015DFE12880, and in part by the Program
of Introducing Talents of Discipline to Universities in China (No. B16001). The authors
also would like to thank A. Fert for the fruitful discussions.

REFERENCES
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Akyol M, Shao Q, Katine J A, Langer J, Ocker B, Wang K L (2015), “Electric-fieldcontrolled magnetoelectric RAM: Progress, challenges, and scaling,” IEEE Trans.
Magn., vol. 51, 3401507, doi: 10.1109/TMAG.2015.2443124.
An G-G, Lee J-B, Yang S-M, Kim J-H, Chung W-S, Hong J-P (2015), “Highly
stable perpendicular magnetic anisotropies of CoFeB/MgO frames employing W buffer and capping layers,” Acta Materialia, vol. 87, pp. 259–265,
doi: 10.1016/j.actamat.2015.01.022.
Chaves-O’Flynn G D, Wolf G, Sun J Z, Kent A D (2015), “Thermal stability of magnetic
states in circular thin-film nanomagnets with large perpendicular magnetic anisotropy,”
Phys. Rev. Appl., vol. 4, 024010, doi: 10.1103/PhysRevApplied.4.024010.
Chung S-W, Kishi T, Park J W, Yoshikawa M, Park K S, Nagase T, Sunouchi K, Kanaya
H, Kim G C, Noma K, Lee M S, Yamamoto A, Rho K M, Tsuchida K, Chung S J, Yi
J Y, Kim H S, Chun Y S, Oyamatsu H, Hong S J (2016), “4Gbit density STT-MRAM
using perpendicular MTJ realized with compact cell structure,” in Proc. IEEE Int.
Electron Devices Meet., pp. 27.1.1–27.1.4, doi: 10.1109/IEDM.2016.7838490.
Gajek M, Nowak J J, Sun J Z, Trouilloud P L, O’Sullivan E J, Abraham D W, Gaidis M C,
Hu G, Brown S, Zhu Y, Robertazzi R P, Gallagher W J, Worledge D C (2012), “Spin
torque switching of 20 nm magnetic tunnel junctions with perpendicular anisotropy,”
Appl. Phys. Lett., vol. 100, 132408, doi: 10.1063/1.3694270.
Hu J-M, Li Z, Chen L-Q, Nan C-W (2011), “High-density magnetoresistive random access
memory operating at ultralow voltage at room temperature,” Nature Commun., vol. 2,
553, doi: 10.1038/ncomms1564.
Ikeda S, Miura K, Yamamoto H, Mizunuma K, Gan H D, Endo M, Kanai S, Hayakawa
J, Matsukura F, Ohno H (2010), “A perpendicular-anisotropy CoFeB-MgO magnetic
tunnel junction,” Nature Mater., vol. 9, pp. 721–724, doi: 10.1038/nmat2804.
Johnson M T, Bloemen P J H, den Broeder F J A, de Vries J J (1999), “Magnetic anisotropy in metallic multilayers,” Rep. Prog. Phys., vol. 59, pp. 1409–1458,
doi: 10.1088/0034-4885/59/11/002.
Kang W, Li Z, Klein J-O, Chen Y, Zhang Y, Ravelosona D, Chappert C,
Zhao W (2014), “Variation-tolerant and disturbance-free sensing circuit for deep
nanometer STT-MRAM,” IEEE Trans. Nanotechnol., vol. 13, pp. 1088–1092,
doi: 10.1109/TNANO.2014.2357054.
Kang W, Zhang L, Klein J-O, Zhang Y, Ravelosona D, Zhao W (2015),
“Reconfigurable codesign of STT-MRAM under process variations in deeply
scaled technology,” IEEE Trans. Electron Devices, vol. 62, pp. 1769–1777,
doi: 10.1109/TED.2015.2412960.
Kang W, Zhao W, Klein J-O, Zhang Y, Chappert C, Ravelosona D (2013), “High reliability sensing circuit for deep submicron spin transfer torque magnetic random access
memory,” Electron. Lett., vol. 49, pp. 1283–1285, doi: 10.1049/el.2013.2319.
Kent A D, Worledge D C (2015), “A new spin on magnetic memories,” Nature Nanotechnol., vol. 10, pp. 187–191, doi: 10.1038/nnano.2015.24.
Lee D-S, Chang H-T, Cheng C-W, Chern G (2014), “Perpendicular magnetic anisotropy
in MgO/CoFeB/Nb and a comparison of the cap layer effect,” IEEE Trans. Magn.,
vol. 50, 3201904, doi: 10.1109/TMAG.2014.2298243.
Li Z, Zhang S (2004), “Thermally assisted magnetization reversal in the presence of a spintransfer torque,” Phys. Rev. B, vol. 69, 134416, doi: 10.1103/PhysRevB.69.134416.
Liu T, Cai J W, Sun L (2012), “Large enhanced perpendicular magnetic anisotropy in
CoFeB/MgO system with the typical Ta buffer replaced by an Hf layer,” AIP Adv.,
vol. 2, 032151, doi: 10.1063/1.4748337.
Liu T, Zhang Y, Cai J W, Pan H Y (2014), “Thermally robust Mo/CoFeB/MgO trilayers with strong perpendicular magnetic anisotropy,” Sci. Rep., vol. 4, 5895, doi:
10.1038/srep05895.
Mizunuma K, Yamanouchi M, Sato H, Ikeda S, Kanai S, Matsukura F, Ohno H (2013),
“Size dependence of magnetic properties of nanoscale CoFeB-MgO magnetic tunnel
junctions with perpendicular magnetic easy axis observed by ferromagnetic resonance,” Appl. Phys. Express, vol. 6, 063002, doi: 10.7567/APEX.6.063002.

IEEE MAGNETICS LETTERS, Volume 8 (2017)

Nowak J J, Robertazzi R P, Sun J Z, Hu G, Park J-H, Lee J, Annunziata A J, Lauer
G P, Kothandaraman R, O’Sullivan E J, Trouilloud P L, Kim Y, Worledge D
C (2016), “Dependence of voltage and size on write error rates in spin-transfer
torque magnetic random-access memory,” IEEE Magn. Lett., vol. 7, 3102604,
doi: 10.1109/LMAG.2016.2539256.
Park C, Kan J J, Ching C, Ahn J, Xue L, Wang R, Kontos A, Liang S, Bangar M, Chen H,
Hassan S, Gottwald M, Zhu X, Pakala M, Kang S H (2015), “Systematic optimization
of 1 Gbit perpendicular magnetic tunnel junction arrays for 28 nm embedded STTMRAM and beyond,” in Proc. IEEE Int. Electron Devices Meet., pp. 26.2.1–26.2.4,
doi: 10.1109/IEDM.2015.7409771.
Peng S, Wang M, Yang H, Zeng L, Nan J, Zhou J, Zhang Y, Hallal A, Chshiev M,
Wang K L, Zhang Q, Zhao W (2015), “Origin of interfacial perpendicular magnetic
anisotropy in MgO/CoFe/metallic capping layer structures,” Sci. Rep., vol. 5, 18173,
doi: 10.1038/srep18173.
Peng S, Zhao W, Qiao J, Su L, Zhou J, Yang H, Zhang Q, Zhang Y, Grezes
C, Amiri P K, Wang K L (2017), “Giant interfacial perpendicular magnetic
anisotropy in MgO/CoFe/capping layer structures,” Appl. Phys. Lett., vol. 110, 072403,
doi: 10.1063/1.4976517.
Piotrowski S K, Bapna M, Oberdick S D, Majetich S A, Li M, Chien C L, Ahmed R,
Victora R H (2016), “Size and voltage dependence of interface anisotropy in sub100-nm perpendicular magnetic tunnel junctions,” Phys. Rev. B, vol. 94, 014404, doi:
10.1103/PhysRevB.94.014404.
Sato H, Enobio E C I, Yamanouchi M, Ikeda S, Fukami S, Kanai S, Matsukura F, Ohno H
(2014), “Properties of magnetic tunnel junctions with a MgO/CoFeB/Ta/CoFeB/MgO
recording structure down to junction diameter of 11 nm,” Appl. Phys. Lett., vol. 105,
062403, doi: 10.1063/1.4892924.
Sato H, Yamanouchi M, Ikeda S, Fukami S, Matsukura F, Ohno H (2012a),
“Perpendicular-anisotropy CoFeB-MgO magnetic tunnel junctions with a
MgO/CoFeB/Ta/CoFeB/MgO recording structure,” Appl. Phys. Lett., vol. 101,
022414, doi: 10.1063/1.4736727.
Sato H, Yamanouchi M, Ikeda S, Fukami S, Matsukura F, Ohno H (2013),
“MgO/CoFeB/Ta/CoFeB/MgO recording structure in magnetic tunnel junctions
with perpendicular easy axis,” IEEE Trans. Magn., vol. 49, pp. 4437–4440,
doi: 10.1109/TMAG.2013.2251326.
Sato H, Yamanouchi M, Miura K, Ikeda S, Gan H D, Mizunuma K, Koizumi R, Matsukura
F, Ohno H (2011), “Junction size effect on switching current and thermal stability in

3105805

CoFeB/MgO perpendicular magnetic tunnel junctions,” Appl. Phys. Lett., vol. 99,
042501, doi: 10.1063/1.3617429.
Sato H, Yamanouchi M, Miura K, Ikeda S, Koizumi R, Matsukura F, Ohno H
(2012b), “CoFeB thickness dependence of thermal stability factor in CoFeB/MgO
perpendicular magnetic tunnel junctions,” IEEE Magn. Lett., vol. 3, 3000204,
doi: 10.1109/LMAG.2012.2190722.
Slaughter J M, Nagel K, Whig R, Deshpande S, Aggarwal S, Deherrera M,
Janesky J, Lin M, Chia H (2016), “Technology for reliable spin-torque MRAM
products,” in Proc. IEEE Int. Electron Devices Meet., pp. 21.5.1–21.5.4,
doi: 10.1109/IEDM.2016.7838467.
Takemura R, Kawahara T, Miura K, Yamamoto H, Hayakawa J, Matsuzaki N, Ono
K, Yamanouchi M, Ito K, Takahashi H, Ikeda S, Hasegawa H, Matsuoka H, Ohno
H (2010), “A 32-Mb SPRAM with 2T1R memory cell, localized bi-directional write
driver and ‘1’/‘0’ dual-array equalized reference scheme,” IEEE J. Solid-State Circuits,
vol. 45, pp. 869–879, doi: 10.1109/JSSC.2010.2040120.
Thomas L, Jan G, Le S, Lee Y-J, Liu H, Zhu J, Serrano-Guisan S, Tong R-Y, Pi K, Shen D,
He R, Haq J, Teng Z, Annapragada R, Lam V, Wang Y-J, Zhong T, Torng T, Wang P-K
(2015), “Solving the paradox of the inconsistent size dependence of thermal stability
at device and chip-level in perpendicular STT-MRAM,” in Proc. IEEE Int. Electron
Devices Meet., pp. 26.4.1–26.4.4, doi: 10.1109/IEDM.2015.7409773.
Wernsdorfer W, Benet Orozco E, Hasselbach K, Benoit A, Barbara B, Demoncy N,
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